Introduction
============

Doxorubicin (DOX), an anthracycline antibiotic possessing broad-spectrum antineoplastic activity, is one of the most active anticancer agents in the treatment of breast cancer.[@b1-ijn-11-5125] However, the clinical utility of DOX is hampered by cumulative, dose-limiting cardiotoxicity, myelosuppression, and the development of drug resistance.[@b2-ijn-11-5125] With the emergence of various kinds of drug delivery systems,[@b3-ijn-11-5125]--[@b13-ijn-11-5125] interesting and meaningful efforts have been made to improve the drug efficacy and minimize adverse effects.[@b14-ijn-11-5125]--[@b20-ijn-11-5125] Hydrophobized polysaccharide nanoparticles (NPs) are considered to be a promising approach.[@b21-ijn-11-5125] Self-assembled hydrophobized polysaccharide NPs are usually applied as promising carriers of water-insoluble drugs with various advantages, including high loading capacity, sustained release, prolonged circulation, and enhanced cellular uptake and tumor targeting.[@b22-ijn-11-5125]

Hyaluronic acid (HA), a biocompatible polyanionic polysaccharide, has been the subject of many previous reviews focusing on its biological functions and medical applications.[@b23-ijn-11-5125],[@b24-ijn-11-5125] HA has a strong affinity with cell-specific surface receptors such as CD44 and RHAMM, which are abundantly overexpressed on the surface of many malignant tumors.[@b25-ijn-11-5125],[@b26-ijn-11-5125] In recent years, much attention has been paid to hydrophobically modified HA as the drug carrier, in which HA can be used as both hydrophilic shell and active targeting constituent.

Our previous work has demonstrated that HA-based NPs display predominant intracellular delivery of DOX for hepatocellular carcinoma therapy.[@b27-ijn-11-5125] However, the ligand--receptor mediated endocytosis interactions which enhance the cellular uptake efficiency might be limited due to either receptor saturation[@b28-ijn-11-5125] or downregulation.[@b29-ijn-11-5125] Therefore, a novel dual receptor targeting strategy, transporting the pharmaceuticals to the tumor more effectively, has been utilized in the field of targeted drug delivery systems.[@b30-ijn-11-5125] Epidermal growth factor receptor (EGFR) is significantly upregulated on the surface of many human malignancies, and it has been regarded as a significant target for cancer therapy.[@b31-ijn-11-5125] A novel small peptide GE11 (sequence YHWYGYTPQNVI) obtained by the phage display screening was shown to have high affinity toward EGFR-overexpressed cancer cells, but much lower mitogenic activity than the native ligand EGF, making it a promising targeting candidate for EGFR-targeted therapy.[@b32-ijn-11-5125]

On the other hand, considering that the conventional polymeric carriers usually exhibit sustained release of drug resulting in reduced therapeutic efficacy,[@b33-ijn-11-5125] the nanocarriers with stimuli-responsive drug release after entering the cells are pursued. Nowadays, redox-responsive nanocarriers, engineered by integrating disulfide groups as linkages between the hydrophilic shell and the hydrophobic core, are generating more and more interest.[@b34-ijn-11-5125]--[@b38-ijn-11-5125] These "smart" drug carriers are sensitive to the internal biological stimulus called glutathione. Also, the detachable carriers can remain stable under nonreductive physiological conditions and present a sudden burst of pharmaceuticals through structure degradation, leading to fast intracellular drug release.

Thus, in this study, we designed and synthesized the GE11 peptide functionalized and reduction-responsive NPs for triggered intracellular delivery of DOX for breast cancer ([Figure 1](#f1-ijn-11-5125){ref-type="fig"}). The redox-responsive NPs were based on hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety (HA-ss-Chol) using cystamine as the detachable linkage. EGFR-targeted peptide was further surface-conjugated to HA-ss-Chol (GE11--HA-ss-Chol) to achieve dual active targeting. Meanwhile, the reduction-insensitive counterparts HA-Chol and GE11--HA-Chol were synthesized for comparison, with nondetachable ethanediamine as conjunctions. Then, the chemotherapeutic agent DOX was successfully encapsulated by the polymeric NPs. The physicochemical characterization, in vitro cellular uptake and cytotoxity, in vivo targeting ability, and antitumor efficacy were evaluated in detail.

Materials and methods
=====================

Materials
---------

The EGFR-targeted peptide GE11, GGGGGYHWYGYTPQNVI, was custom-synthesized by GL Biochem Ltd. (Shanghai, People's Republic of China), with the "GGGGG" sequence as a spacer and the N-terminal amino of the peptide reacting with the carboxyl group of HA. Sodium hyaluronate (molecular weight \[MW\] 10 kDa) was purchased from Shandong Freda Biochem Co., Ltd. (Shandong, People's Republic of China). Cholesteryl chloroformate, 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 1-hydroxybenzotriazole monohydrate (HOBT), N-hydroxysulfosuccinimide (sulfo-NHS), and pyrene were obtained from Aladdin Reagent Co., Ltd. (Shanghai, People's Republic of China). Cystamine dihydrochloride, DL-dithiothreitol (DTT), and coumarin-6 (C6) were purchased from Sigma-Aldrich (St, Louis, MO, USA). Doxorubicin hydrochloride (DOX·HCl) was obtained from Zhejiang Hisun Pharmaceutical Co., Ltd. (Taizhou, People's Republic of China). All other chemicals were of analytical grade.

Cell culture and animals
------------------------

Human breast carcinoma cell lines MDA-MB-231 cells (relatively higher expression of CD44 and EGFR) and MCF-7 (lower expression of CD44 and EGFR) were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China). According to previous literature reports,[@b39-ijn-11-5125],[@b40-ijn-11-5125] MDA-MB-231 and MCF-7 cells express 2×10^5^ and 1×10^4^ EGFR per cell and exhibit positive and negative expression of CD44, respectively. MDA-MB-231 cells were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum and 1% penicillin--streptomycin at 37°C in 5% CO~2~ atmosphere. MCF-7 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium with the same additives.

Female BALB/c nude mice (6--8 weeks old, initial weight 20--25 g) were purchased from KeyGEN BioTECH Co., Ltd. (Nanjing, People's Republic of China). All experiments were carried out in compliance with the Animal Management Rules of the Ministry of Health of the People's Republic of China and the guidelines for the Care and Use of Laboratory Animals of China Pharmaceutical University. All procedures involving animals and their care in this study were in strict accordance with protocols approved by the Ethics Committee of China Pharmaceutical University.

Synthesis of reduction-sensitive and -insensitive conjugates
------------------------------------------------------------

### Neutralization of cystamine dihydrochloride

Cystamine base was prepared as previously described.[@b41-ijn-11-5125] Briefly, cystamine dihydrochloride (60.8 g, 0.27 mol) was neutralized by adding 40% aqueous solution of NaOH (4 mol) in an aqueous--organic solvent biphasic system (water/diethyl ether/tetrahydrofuran: 1:3.75:1.5 v/v/v) in an ice bath for 1 hour. After dessication over NaOH pellets and purification with diethyl ether and tetrahydrofuran (1:3 v/v), the organic solvents were evaporated under vacuum. The resulting product was stored at −20°C until further use. Cystamine base structure was characterized by ^1^H-nuclear magnetic resonance (^1^H-NMR) (Avace AV-500, 500 MHz; Bruker Optik GmbH, Ettlingen, Germany) using CDCl~3~ as the solvent: δ (ppm) 1.45 (m, 4H, 2NH~2~), 2.77--2.78 (t, 4H, 2CH~2~S), 3.00--3.03 (m, 4H, 2CH~2~N).

### Synthesis of cholesteryl--cystamine (Chol--cys) and cholesteryl--ethylenediamine (Chol--eda) linkers

The modification of cholesteryl chloroformate with cystamine was carried out according to the following procedure. Precisely, 15.2 g (100 mmol) of cystamine and 695 μL (5 mmol) of triethylamine (TEA) were dissolved in 150 mL of anhydrous dichloromethane (DCM). To the mixture, 50 mL of anhydrous DCM containing cholesteryl chloroformate (2.25 g, 5 mmol) was added dropwise over 2 hours at 0°C. The reaction was then allowed to proceed for another 10 hours at room temperature. The previous operations were all carried out under a nitrogen atmosphere. The sediment was eliminated by filtration afterward. The filtrate was washed with water three times, dried over anhydrous magnesium sulfate, and then dried in vacuum. The crude product was then purified by column chromatography (SiO~2~, 180 g, DCM/methanol, 100/5 v/v) with a yield of 70%. The formation of the conjugate was confirmed by ^1^H-NMR in CDCl~3~ ([Figure S1](#SD1-ijn-11-5125){ref-type="supplementary-material"}): δ (ppm) 5.36 (s, 1H, alkenyl), 5.05 (s, 1H, CONH), 4.48 (m, 1H, oxycyclohexyl), 3.48 (m, 2H, CH~2~NH), 3.00 (m, 2H, CH~2~N(H~2~)), 2.76--2.79 (m, 4H, 2CH~2~S), 0.66--2.33 (m, 45H, cholesteryl protons and NH~2~).

The nonreducible linker cholesteryl--ethylenediamine (Chol--eda) was obtained by reacting cholesteryl chloroformate with ethylenediamine in anhydrous DCM in the presence of TEA, according to a previously established method.[@b42-ijn-11-5125] The resulting product was characterized by ^1^H-NMR in CDCl~3~ ([Figure S1C](#SD1-ijn-11-5125){ref-type="supplementary-material"}): δ (ppm) 5.37 (s, 1H, alkenyl), 4.99 (s, 1H, CONH), 4.50 (m, 1H, oxycyclohexyl), 3.21--3.23 (m, 2H, N(H~2~)CH~2~), 2.82--2.84 (m, 2H, CONCH~2~), 0.68--2.38 (m, 45H, cholesteryl protons, and NH~2~).

### Synthesis and characterization of HA-ss-Chol conjugates and HA-Chol conjugates

HA-ss-Chol conjugates and HA-Chol conjugates were synthesized by chemically grafting Chol--cys and Chol--eda to HA, respectively, by amide bond formation. The carboxylic acid groups of HA were linked to the primary amino group of cystamine or ethanediamine. Briefly, 100 mg of HA (0.25 mmol) was dissolved in formamide (10 mL) at 50°C. After the solution was cooled down to room temperature, carboxylic acid group of HA was activated by EDC (143.8 mg, 0.75 mmol) and HOBT (101.6 mg, 0.75 mmol) for 15 minutes. Varying amounts of Chol--cys dissolved in 20 mL dimethyl formamide (DMF) were added, respectively. The molar feeding ratios of Chol--cys to HA's sugar units were 0.03, 0.05, and 0.07, respectively, and the corresponding conjugates were referred to as HA-ss-Chol~3~, HA-ss-Chol~5~, and HA-ss-Chol~7~, respectively. The mixture was stirred for a further 24 hours and precipitated in excess cold acetone. The resulting precipitate was thoroughly washed with methanol and acetone, then dissolved in distilled water, and dialyzed against deionized water for 48 hours using a dialysis membrane with MW cut-off (MWCO) of 3,500. HA-Chol~7~ was prepared according to the method described earlier by grafting HA with Chol--eda linker using a molar feeding ratio of 0.07.

The structures of HA-ss-Chol and HA-Chol conjugate structures were determined by ^1^H-NMR spectroscopy. ^1^H-NMR spectra were acquired on a Bruker (Karlsruhe, Germany) AV-500 spectrometer using D~2~O as the solvent. The degree of substitution (DS), defined as the number of Chol--cys groups per 100 sugar units of HA, was determined through evaluation of disulfide bond content by Ellman's method.[@b43-ijn-11-5125] Briefly, 250 μL of the polymer aqueous solution (5 mg/mL) was diluted with 250 μL of phosphate-buffered saline (PBS) 8.0 (0.1 M). Disulfide linkages were reduced by the addition of 500 μL of freshly prepared 2% aqueous solution of NaBH~4~. Following 1 hour stirring at 40°C, the excess amount of NaBH~4~ was discarded by the addition of 0.3 mL of 1 N HCl and the mixture was completed by 1.2 mL of PBS 8.0. The thiol content was determined by colorimetric method using 2.5 mL of 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB) buffered solution (0.3%). The ultraviolet absorbance of the mixture was measured at λ=412 nm.

### Synthesis and characterization of GE11-decorated HA-ss-Chol (GE11--HA-ss-Chol) and HA-Chol (GE11--HA-Chol)

The grafting of GE11 on HA-ss-Chol conjugate was achieved through amide bond formation between the amine group of GE11 and the carboxylic group of HA backbone. In brief, 20 mg of HA-ss-Chol~7~ dispersed in 5 mL of deionized water was activated with EDC (5 mg) and sulfo-NHS (5 mg) at room temperature for 4 hours, followed by addition of 2 mL of GE11 solution (1 mg/mL in deionized water). The pH was adjusted to 7.4. After 24 hours stirring at room temperature, the mixture was dialyzed against deionized water for 24 hours (MWCO 3,500) and then lyophilized. GE11--HA-Chol conjugate was prepared as per the same protocol (Supplementary materials).

The DS and the conjugation efficiency of GE11 to HA-ss-Chol were analyzed by ^1^H-NMR (D~2~O as solvent) and high-performance liquid chromatography (HPLC) under the following conditions: Promosil Column: C18 (4.6×250 mm, 5 μm); mobile phase: acetonitrile (solution A) and ultrapure water (solution B), both containing 0.1% trifluoroacetic acid; gradient elution mode: 0--20 minutes, 25%--50% A and 20.1--30 minutes, 50%--25% A; wavelength: 220 nm.

### Preparation and physicochemical characterization of blank NPs

The redox-sensitive GE11--HA-ss-Chol and HA-ss-Chol NPs were obtained by subjecting an aqueous solution of the conjugates (1 mg/mL) to a sonication treatment for 30 minutes in an ice bath (200 W, 2 seconds pulse on, 2 seconds pulse off) using a probe-type ultrasonicator (JY 92-II; Ningbo Scientz Biotechnology Co., Ltd, Nanjing, People's Republic of China). The resulting NP suspension was filtered through a 0.8 μm pore-sized microporous membrane. Reduction-insensitive GE11--HA-Chol and HA-Chol NPs were prepared following the same protocol. Particle size (PS), polydispersity index, and zeta potential of the NPs thus formed were acquired by dynamic laser scattering (DLS) with replication number of three. The morphology and size distribution were observed by transmission electron microscopy (TEM) using a Tecnai 12 (Philips, Amsterdam, the Netherlands) after negative staining with 2.5% sodium phosphotungstic acid solution.

Self-aggregation behavior of HA-ss-Chol amphiphilic conjugates with different DS values was evaluated by fluorescence spectroscopy using pyrene as a probe. Briefly, 1 mL of pyrene acetone solution (6.0×10^−6^ M) was taken in 10 mL volumetric flasks. After evaporation of acetone under vacuum, successive dilutions of HA-ss-Chol aqueous solution with concentrations ranging from 1.0×10^−4^ to 5×10^−1^ mg/mL were added. The samples were sonicated in a water bath for 1 hour and then incubated at 50°C for an additional hour. The flasks were kept in the dark overnight at room temperature to reach pyrene solubilization equilibrium. Pyrene emission spectrum was recorded from 350 to 450 nm using a fluorescence spectrophotometer with excitation wavelength 334 nm. To calculate the critical aggregation concentration (CAC), the intensity ratio of the first peak (I~1~, 371 nm) to the third peak (I~3~, 382 nm) (I~371~/I~382~) was plotted against the conjugate concentration's logarithm.

### DTT-triggered disassembly of redox-sensitive NPs

The disassembly behavior of redox-sensitive HA-ss-Chol~7~ NPs was evaluated under different reductive conditions mimicking different in vivo environments. Briefly, in response to various concentrations of DTT, the PS changes of NPs (1 mg/mL) suspended in PBS buffer (pH 7.4, 0.1 M) were monitored in time by DLS. Differing concentrations of DTT were added to obtain the specified concentration of 10 μM, 10 mM, and 20 mM DTT, respectively. The NP suspensions in different media were gently shaken at 37°C. As a control, the PS of HA-ss-Chol~7~ NPs was recorded in PBS in the absence of the reducing agent under the same conditions. The contrast study was carried out by monitoring the PS of reduction-nonresponsive HA-Chol~7~ NPs in response to 20 mM DTT.

### Preparation of drug-loaded NPs (DOX-NPs)

DOX was chosen as a drug model and was loaded into NPs using a dialysis method. Briefly, 30 mg of DOX·HCl was dissolved in 1 mL of DMSO in the presence of TEA (mol~DOX·HCl~:mol~TEA~ =1:3) followed by stirring for 24 hours to obtain DOX base. Thereafter, 330 μL of the solution was added to 3 mL of the conjugate solution in deionized water (6 mg/mL) in a dropwise manner. The mixture was further stirred for 4 hours and then sonicated at 200 W for 30 minutes. The organic solvent was discarded by dialysis against deionized water for 12 hours (MWCO 3,500). To remove the nonencapsulated DOX, the NPs solution was centrifuged at 3,000 rpm for 8 minutes and the supernatant filtered through a 0.45 μm pore-sized membrane. Finally, the filtrate was freeze-dried and kept at 4°C in a lightproof container.

The DOX content in the DOX-NPs was measured by ultraviolet--visible spectrophotometry. In brief, a known amount of freeze-dried DOX-NPs was dissolved in water, which was followed by dilution with methanol. Concentration of DOX in the resulting solution was measured at 481 nm. The drug loading content (DLC) and the entrapment efficiency (EE) were calculated as follows: $$\text{DLC}(wt\%) = \frac{\text{weight}\ \text{of}\ \text{encapsulated}\ \text{DOX}}{\text{weight}\ \text{of}\ \text{lyophilized}\ \text{DOX-NPs}} \times 100\%$$ $$\text{EE}\ (\%) = \frac{\text{weight}\ \text{of}\ \text{encapsulated}\ \text{DOX}}{\text{DOX}\ \text{initial}\ \text{feeding}\ \text{amount}} \times 100$$

In vitro drug release
---------------------

In vitro release of DOX from HA-ss-Chol~7~ DOX-NPs was investigated by a dialysis method. Lyophilized HA-ss-Chol~7~ DOX-NPs were dispersed in 1 mL of deionized water (100 μg DOX/mL) and sealed in a dialysis bag (MWCO 3,500). The bags were immersed in the release media containing 0 M, 10 μM, 10 mM, and 20 mM of DTT, respectively. The containers were placed in a shaking bed with a rotation speed of 100 rpm at 37°C. All the release media consisted of 100 mL PBS (pH 7.4, 0.1 M) containing 0.075% (w/v) Tween 80. At predetermined time intervals, 5 mL of samples were withdrawn and replaced by the same volume of fresh media. As reduction-nonresponsive control, drug release of HA-Chol~7~ DOX-NPs was evaluated in the presence of 20 mM DTT. The experiments were carried out with three repetitions for each group.

In vitro cell studies
---------------------

### In vitro cellular uptake study

The intracellular uptake of NPs in MDA-MB-231 cells and MCF-7 cells was evaluated by flow cytometry method. The fluorescence probe C6 was encapsulated in NPs according to DOX loading protocol using DMF as the organic solvent. The DLC was estimated to be 0.3%. Cells were seeded in a six-well plate during the exponential growth phase at a seeding density of 1×10^5^ cells per well and incubated for 24 hours to allow cell attachment. Subsequently, MDA-MB-231 cells and MCF-7 cells were incubated with HA-ss-Chol~7~ C6-NPs and GE11--HA-ss-Chol~7~ C6-NPs (C6 concentration =200 ng/mL) at 37°C for 4 hours, respectively. Blank cells were used as negative control. Then the medium was aspirated, and the cells were washed with ice-cold PBS (pH 7.4) thrice, harvested by trypsinization, and suspended in PBS. The fluorescence intensity of C6 in cells was determined using FACSCalibur flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

In order to investigate the cellular internalization mechanism of GE11--HA-ss-Chol~7~ C6-NPs, competitive inhibitory studies were undertaken. To determine whether the NPs were internalized through CD44- and/or EGFR-mediated endocytosis, MDA-MB-231 and MCF-7 cells were incubated with 10 mg/mL of free HA polymer and 1 mg/mL GE11, respectively, for 1 hour prior to treatment with GE11--HA-ss-Chol~7~ C6-NPs. Cellular internalization efficiency was evaluated by flow cytometry as described earlier.

Furthermore, alternative cellular uptake pathways of the NPs were investigated using different endocytic inhibitors. Briefly, MDA-MB-231 and MCF-7 cells were separately pretreated with chloropromazine (CPZ) (20 μg/mL), amiloride (10 μM), and nystatin (30 μg/mL) at 37°C for 30 minutes. The cells were then incubated with GE11--HA-ss-Chol~7~ C6-NPs for 2 hours. Cellular uptake evaluation was carried out following the same protocol described earlier. Cells treated only with GE11--HA-ss-Chol~7~ C6-NPs were set as control, and their fluorescence intensities were expressed as 100%.

### Intracellular drug distribution of DOX by confocal microscopy

Intracellular drug release of GE11--HA-ss-Chol~7~ and GE11--HA-Chol~7~ DOX-NPs was investigated by confocal laser scanning microscopy (CLSM). MDA-MB-231 and MCF-7 cells cultured 24 hours in glass bottom dishes were treated with DOX-NPs dispersed in serum-free cell culture medium (DOX concentration 10 μg/mL). After 1 or 4 hours of incubation at 37°C, the supernatant was removed; cells were washed three times with ice-cold PBS and fixed by 1 mL of immune staining fix solution for 20 minutes. The nuclei were strained with Hoechst 33342 (10 μg/mL) for 30 minutes and washed thoroughly with ice-cold PBS before fluorescent imaging. The release and transferring of DOX were observed using CLSM (FV1000; Olympus Corporation, Tokyo, Japan) with excitation and emission wavelengths set at 488 and 530 nm, respectively.

### In vitro cytotoxicity assay

In vitro antitumor efficacy of DOX-NPs was evaluated by MTT assay. Briefly, MDA-MB-231 and MCF-7 cells seeded in 96-well plates at a density of 1×10^4^ cells per well were allowed to attach for 24 hours. The cells were then treated with free DOX, HA-ss-Chol~7~ DOX-NPs, GE11--HA-Chol~7~ DOX-NPs, and GE11--HA-ss-Chol~7~ DOX-NPs, respectively. Serial dilutions of 200 μL of the sample solutions in serum-free cell culture medium were added and the cells were further incubated for 24 hours. Thereafter, MTT solution in PBS (20 μL, 5 mg/mL) was added to each well and cells were further incubated for 4 hours at 37°C. MTT solution was then withdrawn and 100 μL of DMSO was added to dissolve the formazan crystals. The optical density (OD) was measured at 570 nm with a microplate reader (SOFT maxTM PRO; Molecular Devices LLC, Sunnyvale, CA, USA). Cell viability (%) was calculated as (OD of test group/OD of control group) ×100. The median inhibitory concentration (IC~50~) was determined using the software GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). The cytotoxicity of blank NPs was also evaluated for comparison.

In vivo and ex vivo imaging investigations
------------------------------------------

In vivo and ex vivo imaging experiments were carried out using a noninvasive near infrared fluorescence imaging method. NIR dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR) was encapsulated in GE11--HA-ss-Chol~7~ NPs and HA-ss-Chol~7~ NPs following drug loading protocol using ethanol as the solvent (DLC =1.5%). Female BALB/c nude mice were used to prepare MDA-MB-231 tumor-bearing xenograft mouse model. For in vivo imaging analysis, DiR-labeled NPs (DiR-NPs) were systemically administered to tumor-bearing mice through tail vein at a dose of DiR 1 mg/kg. At predetermined time points, the mice were anesthetized by intraperitoneal injection of 10% chloral (3 μL/g) and near infrared fluorescence images were acquired on a Kodak FX-pro imaging station (Kodak, Rochester, NY, USA). Excitation and emission filters were set at λ720 and λ790 nm, respectively. Twenty-four hours after injection, the mice were sacrificed by cervical dislocation and ex vivo imaging was performed on the excised tumors and organs.

In vivo antitumor activity
--------------------------

The in vivo antitumor activity of the DOX-NPs was evaluated in the subcutaneous MDA-MB-231 tumor-bearing xenograft mouse model. When the tumor volume reached approximately 100 mm^3^, the mice were randomly divided into five groups (n=5 for each group): saline group, free DOX group, HA-ss-Chol~7~ DOX-NPs group, GE11--HA-Chol~7~ DOX-NPs group, and GE11--HA-ss-Chol~7~ DOX-NPs group. Each mouse received a dose of 4 mg/kg DOX by tail vein injection every 3 days. The tumor sizes and body weights were measured for 21 days. Tumor sizes were calculated according to the equation: V = a × b^2^/2, where V (mm^3^) represents the tumor volume and a (mm) and b (mm) represent the tumor length and width, respectively. Mice were sacrificed on the 21st day after administration, and the tumors were weighed with the inhibition ratio (IR) calculated as follows: IR (%) = \[(x − y)/x\] ×100%, where x and y stand for the average tumor weight for the control group and treatment group, respectively.

Statistical analysis
--------------------

Statistical analysis was performed by a Student's *t*-test for pairwise comparisons and one-way analysis of variance for multiple groups. All results were expressed as mean ± standard deviation (SD) unless otherwise noted. *P*\<0.05 was considered statistically significant.

Results
=======

Synthesis and characterization of reduction-sensitive and -insensitive conjugates
---------------------------------------------------------------------------------

The synthetic routes of the GE11--HA-ss-Chol are briefly summarized in [Figure 2](#f2-ijn-11-5125){ref-type="fig"}. The synthesis process included three steps. First, the amino group of cystamine reacted with the acyl chloride moiety of cholesteryl chloroformate to form the cholesteryl-amine linkers (Chol--cys or Chol--eda). Second, in order to prepare the amphiphilic conjugates, the purified hydrophobic cholesteryl-amine linkers were conjugated to HA's carboxyl groups by carbodiimide chemistry. Third, the N-terminus of the peptide GE11 was attached to HA's unmodified carboxyl groups. Same procedures were employed for the synthesis of GE11--HA-Chol while replacing cystamine with ethylenediamine in the first step to obtain the reduction-insensitive linker of Chol--eda. The synthesis scheme for GE11--HA-Chol is shown in [Figure S2](#SD2-ijn-11-5125){ref-type="supplementary-material"}.

[Figure 3](#f3-ijn-11-5125){ref-type="fig"} shows the ^1^H-NMR spectra of HA-Chol, HA-ss-Chol, and GE11--HA-ss-Chol conjugates. The characteristic peaks of HA ([Figure 3A--C](#f3-ijn-11-5125){ref-type="fig"}) appeared at 1.99 ppm (methyl proton of −NCOCH~3~ group) and 3.31--4.54 ppm (methylene and hydroxyl groups). The peaks in HA-ss-Chol spectra ([Figure 3B](#f3-ijn-11-5125){ref-type="fig"}) and GE11--HA-ss-Chol spectra ([Figure 3C](#f3-ijn-11-5125){ref-type="fig"}) at 0.66--1.50 ppm, 2.82 ppm, and 3.11 ppm were ascribed to typical cholesteryl groups (angular methyl protons) and cystamine (CH~2~S and CH~2~N), respectively, indicating that the Chol--cys was successfully linked to the carboxyl group of HA. Effective grafting of Chol--eda on HA backbone was confirmed by the peaks of cholesteryl protons at 0.66--1.50 ppm and ethylenediamine spacer at 2.85--3.12 ppm, as shown in [Figure 3A](#f3-ijn-11-5125){ref-type="fig"}. Furthermore, the specific signals of benzene on GE11 peptide at 6.7--7.6 ppm revealed that the average number of GE11 on HA-ss-Chol was 1.14 per 100 sugar units of HA.

Ellman's method was applied to determine the amount of Chol--cys in the conjugates by quantitatively analyzing the disulfide bonds between the hydrophilic HA main chain and the hydrophobic cholesteryl group. The cholesteryl group's DS values are summarized in [Table 1](#t1-ijn-11-5125){ref-type="table"}. As expected, the DS augmented as the molar feed ratio of Chol--cys to the sugar units in HA increased.

HPLC was used to determine the DS and conjugation efficiency of GE11 peptide in conjugates. The retention time of GE11 peptide was approximately 8.2 minutes, while HA-ss-Chol did not show distinct characteristic absorption peak under similar conditions ([Figure S3](#SD3-ijn-11-5125){ref-type="supplementary-material"}, curve a). According to the integration ratio of the GE11 peptide peak before and after reaction ([Figure S3](#SD3-ijn-11-5125){ref-type="supplementary-material"}, curves b and c), the DS of GE11 in GE11--HA-ss-Chol was 1.35% and the conjugation efficiency was approximately 59.5%.

Preparation and characterization of blank NPs
---------------------------------------------

The synthesized conjugates self-assembled into core/shell structured NPs after ultrasonication in aqueous media. Physicochemical properties of blank NPs are listed in [Table 1](#t1-ijn-11-5125){ref-type="table"}. DLS measurements revealed a polydispersity index inferior to 0.2, indicating a narrow size distribution of the NPs. The mean vesicle size of HA-ss-Chol declined from 242 to 175 nm, as the DS of Chol--cys increased. The NPs were negatively charged with a zeta potential inferior to −20 mV. In addition, HA-Chol~7~ NPs presented a slightly increased PS compared to HA-ss-Chol~7~ NPs. Modification of the NPs with GE11 peptide resulted in an enlargement of PS and a minor variation of zeta potential. CAC values of HA-ss-Chol conjugates decreased from 46.3 to 10.6 mg/L, as the feed ratio of hydrophobic segment (Chol--cys) increased from 0.03 to 0.07 ([Table 1](#t1-ijn-11-5125){ref-type="table"}). CAC value of HA-Chol~7~ conjugate (11.4 mg/L) was nearly as low as that of HA-ss-Chol~7~ conjugate.

The morphology and size distribution of HA-ss-Chol~7~ and GE11--HA-ss-Chol~7~ NPs were visualized using TEM. As shown in [Figure 4](#f4-ijn-11-5125){ref-type="fig"}, the NPs exhibited a spherical shape with narrow distribution. Moreover, the size estimated from TEM was smaller than that obtained from DLS in an aqueous phase, which might be attributed to the shrinkage of hydrophilic shell during the air-drying process in TEM sample preparation and the system error resulting from the determination principles between DLS (hydrated radius) and TEM.

The redox-induced degradation of HA-ss-Chol~7~ NPs was determined by monitoring the variation in size and size distribution in the presence of various concentrations of DTT using DLS. As shown in [Figure 5](#f5-ijn-11-5125){ref-type="fig"}, the size change of HA-ss-Chol~7~ is negligible (\<20 nm) when exposed for 24 hours to 10 μM DTT which is similar to the bloodstream environment.[@b44-ijn-11-5125] Similar behavior was observed in the absence of DTT under otherwise the same conditions. Nevertheless, the presence of 10 and 20 mM DTT, mimicking the intracellular level of normal tissues[@b44-ijn-11-5125] and tumor cells,[@b45-ijn-11-5125] respectively, induced a sharp increase in size of HA-ss-Chol~7~ NPs from 177.8 to 374.7 nm and to 402.3 nm, respectively, at 24 hours. Also, a simultaneous broadening of HA-ss-Chol~7~ NPs size distribution was recorded (data not shown). In the control study, reduction-insensitive HA-Chol~7~ NPs were constant in size when exposed to 20 mM DTT.

The results of redox-induced degradation assay of HA-ss-Chol~7~ NPs showed that HA-ss-Chol~7~ NPs treated with 10 μM DTT maintained their initial structure in the environment mimicking that of bloodstream. Conversely, when the HA-ss-Chol~7~ NPs were exposed to 20 mM DTT analogous to the tumor cell, the dramatic size swelling with a broadening of size distribution indicated rapid disassembly due to cleavage of the disulfide linkages between the hydrophilic groups and the hydrophobic groups.

Preparation and characterization of DOX-NPs
-------------------------------------------

DOX was physically incorporated into NPs using a dialysis method. The characteristics of DOX-NPs are listed in [Table 2](#t2-ijn-11-5125){ref-type="table"}. Both HA-ss-Chol~7~ and HA-Chol~7~ NPs showed considerable loading capacities for the hydrophobic model drug DOX. The DLC and EE of HA-ss-Chol~7~ DOX-NPs were in the range of 27.4%--33.6% and 67.8%--91.2%, respectively. The sizes of DOX-NPs were smaller than those of their corresponding drug-free samples. Zeta potential values (approximately −20 mV) remained essentially unchanged, compared to the blank NPs. HA-Chol~7~ DOX-NPs showed similar properties (PS, DLC, and EE) as those of HA-ss-Chol~7~ DOX-NPs. Moreover, modification with GE11 had a small influence on the DLC and EE of the corresponding NPs (DLC: 30.5%, EE: 78.8%).

In vitro drug release
---------------------

The in vitro drug release profile of HA-ss-Chol~7~ DOX-NPs was carried out in PBS (pH 7.4) containing different concentrations of DTT. As illustrated in [Figure 6](#f6-ijn-11-5125){ref-type="fig"}, the release behavior of HA-ss-Chol~7~ DOX-NPs sensitively depend on the concentration of DTT. In the presence of 10 μM DTT mimicking the extracellular environment, only 34.97% of DOX was released from the NPs within 48 hours. However, as the DTT concentration reached 10 mM, the DOX release curve dramatically showed an increase to 76.29% after 48 hours, representing 2.2-fold over that with 10 μM DTT. Moreover, at a higher DTT concentration (20 mM), corresponding to the intracellular reduction levels in tumor cells, 40.08% of DOX was released in the first 4 hours and 79.67% was released after 48 hours. In contrast, HA-Chol~7~ NPs slowly released the drug in the medium containing 20 mM DTT (35.05% over 48 hours), which had no significant difference with the release of DOX from HA-ss-Chol~7~ NPs in 0 M DTT (31.37% over 48 hours) or 10 μM DTT (34.97% over 48 hours).

In vitro cellular uptake study
------------------------------

The cellular uptake efficiency of GE11--HA-ss-Chol~7~ C6-NPs and HA-ss-Chol~7~ C6-NPs was quantitatively evaluated by flow cytometry, as illustrated in [Figure 7](#f7-ijn-11-5125){ref-type="fig"}. For MDA-MB-231 and MCF-7 cells, after 4 hours incubation, the mean fluorescence intensity (MFI) of cells treated with GE11--HA-ss-Chol~7~ C6-NPs was 1.43-fold and 1.13-fold of those treated with HA-ss-Chol~7~ C6-NPs, respectively. Moreover, it showed a distinct difference in the cellular uptake performance of GE11--HA-ss-Chol~7~ C6-NPs between MDA-MB-231 and MCF-7 cells, wherein the cellular level of MFI of the former cells was over 2.28-fold of the latter, indicating a stronger NP internalization capability of MDA-MB-231 cells compared to MCF-7 cells.

To further confirm whether GE11--HA-ss-Chol~7~ NPs were internalized by CD44- and/or EGFR-mediated endocytosis, competitive inhibitory experiments were performed. The MFI of cells pretreated with free HA or GE11 was inferior to that of untreated ones when incubated with GE11--HA-ss-Chol~7~ NPs. Specifically, a 40% and 30% decline in the fluorescence of MDA-MB-231 cells incubated with GE11--HA-ss-Chol~7~ NPs was observed in the presence of HA and GE11, respectively ([Figure 7C](#f7-ijn-11-5125){ref-type="fig"}). Meanwhile, pretreatment of MCF-7 cells with free HA or GE11, as illustrated in [Figure 7D](#f7-ijn-11-5125){ref-type="fig"}, resulted in a fluorescence decrease of 25% and 10%, respectively. Therefore, saturation of CD44 and EGFR leads to a less efficient cellular internalization of GE11--HA-ss-Chol~7~ NPs.

To further probe the cellular uptake mechanism of GE11--HA-ss-Chol~7~ NPs, the effect of several endocytosis inhibitors was evaluated. Treatment of MCF-7 cells with the caveolae-mediated endocytosis inhibitor nystatin did not significantly change the cellular uptake of GE11--HA-ss-Chol~7~ NPs ([Figure S4](#SD4-ijn-11-5125){ref-type="supplementary-material"}). However, clathrin-mediated endocytosis pathway inhibitor, CPZ, and macropinocytosis pathway inhibitor, amiloride, reduced the cellular uptake by approximately 30% and 20%, respectively. The same results were obtained in MDA-MB-231 cells, except that the influence of CPZ to the NPs uptake efficiency was more critical, showing a 50% inhibition rate ([Figure S4](#SD4-ijn-11-5125){ref-type="supplementary-material"}).

Intracellular drug distribution of DOX by confocal microscopy
-------------------------------------------------------------

As shown in [Figure 8](#f8-ijn-11-5125){ref-type="fig"}, confocal microscopy was applied to investigate the intracellular distribution of DOX. After 1 hour of incubation with GE11--HA-ss-Chol~7~ and GE11--HA-Chol~7~ DOX-NPs, weak fluorescence signals were detected in the cytoplasm closely around the nuclei in both MCF-7 ([Figure 8a and b](#f8-ijn-11-5125){ref-type="fig"}) and MDA-MB-231 cells ([Figure 8e and f](#f8-ijn-11-5125){ref-type="fig"}). The DOX fluorescence signals became much stronger as the incubation time increased to 4 hours ([Figure 8c, d, g, and h](#f8-ijn-11-5125){ref-type="fig"}). Interestingly, the DOX fluorescence of both cells tended to locate in nuclei rather than cytoplasm, when incubated with reduction-responsive GE11--HA-ss-Chol~7~ DOX-NPs. In contrast, cells treated with reduction-nonresponsive NPs exhibited a selective distribution in the cytoplasm. Furthermore, a markedly higher fluorescence was found in MDA-MB-231 cells compared to MCF-7 cells.

In vitro cytotoxicity assay
---------------------------

The antiproliferative effect of different DOX formulations against MDA-MB-231 and MCF-7 cells was evaluated using MTT assay. Preliminary evaluation of GE11--HA-ss-Chol~7~, GE11--HA-Chol~7~, and HA-ss-Chol~7~ blank NPs biocompatibility showed negligible cytotoxicity. After 24 hours treatment with drug-free NPs (10--500 μg/mL), the cell viability was above 90% ([Figure S5](#SD5-ijn-11-5125){ref-type="supplementary-material"}).

As presented in [Figure 9](#f9-ijn-11-5125){ref-type="fig"}, the inhibition of cell proliferation by free DOX and DOX-NPs showed a typical dose-dependent behavior. The IC~50~ values of free DOX and DOX-NPs are summarized in [Table 3](#t3-ijn-11-5125){ref-type="table"}. For MDA-MB-231 cells, GE11--HA-ss-Chol~7~ DOX-NPs exhibited the lowest IC~50~. Specifically, the IC~50~ values of free DOX, HA-ss-Chol~7~ DOX-NPs, and GE11--HA-Chol~7~ DOX-NPs were 1.25-, 2.40-, and 3.35-fold over that of GE11--HA-ss-Chol~7~ DOX-NPs.

MCF-7 cells, expressing CD44 and EGFR in an inferior grade, were also used for cytotoxicity assay. It was found that the IC~50~ values of HA-ss-Chol~7~ NPs and GE11--HA-Chol~7~ NPs were 1.72- and 3.07-fold over that of GE11--HA-ss-Chol~7~ DOX-NPs, while free DOX group showed the most efficient cytotoxicity.

However, at longer incubation time of 72 hours, all the drug groups exhibited stronger cytotoxicity, as shown in [Table 3](#t3-ijn-11-5125){ref-type="table"}, with IC~50~ values far lower than those at 24 hours. The reason may be that longer time of incubation would lead to stronger interaction between the drug and cells.

In vivo and ex vivo imaging analysis
------------------------------------

The tumor-targeting abilities of HA-ss-Chol~7~ and GE11--HA-ss-Chol~7~ NPs were assessed in MDA-MB-231 breast tumor xenograft mouse model. Time-dependent biodistribution of DiR-NPs and free DiR was visualized after intravenous administration using a noninvasive NIR imaging technique. As represented in [Figure 10A](#f10-ijn-11-5125){ref-type="fig"}, GE11--HA-ss-Chol~7~ DiR-NPs exhibited the strongest fluorescence signal at the tumor site, followed by HA-ss-Chol~7~ DiR-NPs and free DiR. Moreover, the fluorescence detected in free DiR group faded away rapidly, while it was sustained at the tumor location in DiR-NPs groups at all the time points postinjection. These observations suggest a tumor-specific accumulation of the NPs, particularly GE11--HA-ss-Chol~7~ DiR-NPs.

Twenty-four hours postadministration, ex vivo imaging was performed. [Figure 10B](#f10-ijn-11-5125){ref-type="fig"} shows the fluorescent images of the excised tumors and major organs of the sacrificed mice. GE11--HA-ss-Chol~7~ DiR-NPs accumulated in tumors more efficiently than HA-ss-Chol~7~ DiR-NPs, suggesting an enhanced tumor-specific targeting ability of the former vector. The lowest fluorescent signal in tumor was detected in free DiR group, and the accumulation in livers and spleen was higher than in other organs for free DiR group. The semiquantitative analysis of the fluorescent images ([Figure 10C](#f10-ijn-11-5125){ref-type="fig"}) was in good agreement with ex vivo imaging results. GE11--HA-ss-Chol~7~ DiR-NPs showed over 1.9-fold and 4.3-fold higher fluorescence intensity at the tumor than HA-ss-Chol~7~ DiR-NPs and free DiR, respectively.

The targeting abilities of NPs were also analyzed by relative tissue exposure (Re), tumor targeting efficiency, and relative tumor targeting efficiency (R~Te~), as shown in [Tables S1](#SD6-ijn-11-5125){ref-type="supplementary-material"} and [S2](#SD7-ijn-11-5125){ref-type="supplementary-material"}. All these data indicate the dual-targeted GE11--HA-ss-Chol~7~ NPs exhibited better targeting ability when compared with HA-ss-Chol~7~ NPs or free drug solutions.

In vivo antitumor assay
-----------------------

To provide in vivo evidence for the antitumor potential of HA-based DOX-NPs, the antitumor efficacy was evaluated using an MDA-MB-231 tumor-bearing mouse model. As shown in [Figure 11A](#f11-ijn-11-5125){ref-type="fig"}, compared to the saline solution group (negative control), the four treatment groups showed distinct tumor growth inhibition efficiency. Specifically, the group treated with free DOX, HA-ss-Chol~7~ DOX-NPs, and GE11--HA-Chol~7~ DOX-NPs showed smaller tumor volumes than the saline control group (*P*\<0.05). Moreover, GE11--HA-ss-Chol~7~ DOX-NPs displayed a marked reduction in tumor size, when compared with other groups. The final tumor weight shown in [Figure 11B](#f11-ijn-11-5125){ref-type="fig"} was in good agreement with tumor volume assay. The results revealed that GE11--HA-ss-Chol~7~ DOX-NPs inhibited the tumor growth most efficiently and the IR calculated by tumor weight was 86.03%; they were followed by free DOX (76.41%), GE11--HA-Chol~7~ DOX-NPs (66.46%), and HA-ss-Chol~7~ DOX-NPs (35.03%). The body weight investigation was applied to evaluate systemic toxicity in mice. Compared with the saline group, the mice in free DOX group showed a significant decrease in body weight, while no notable change was found in HA-based DOX-NPs groups ([Figure 11C](#f11-ijn-11-5125){ref-type="fig"}).

Discussion
==========

A well-designed anticancer drug delivery carrier should meet the following requirements: 1) it should be nontoxic and non-immunogenic of the carrier itself; 2) maintenance of intact structure after dilution in the bloodstream, thereby limiting systemic side effects; 3) enhanced absorption of the drugs into the solid tumors either by passive or active targeting; and 4) acceleration of therapeutics' burst release at the tumor site.[@b46-ijn-11-5125],[@b47-ijn-11-5125] Driven by the aims given earlier, the design of an "all-in-one" system that allows simultaneous tumor active targeting and stimuli-responsive drug release is of particular interest.

In this study, GE11-modified, HA-based NPs were successfully prepared by synthesizing amphiphilic conjugates of HA and cholesteryl chloroformate, connected by a disulfide bridge, and then modifying GE11 peptide on the surface. Such a vehicle was supposed to have the ability to stay intact in blood circulation, target the breast cancer cells by CD44 and EGFR, and accelerate intracellular drug release by redox-responsive disassembling of the whole structure.

In general, an amphiphilic polymer can form a core/shell structure in water. The synthesized conjugate spontaneously self-assembles into NPs in aqueous solution, which is driven by the strong hydrophobic/hydrophilic interaction. It is believed that the physicochemical properties of NPs play an important role in their pharmaceutical application. It was demonstrated that the degree of modification of NPs with cholesteryl groups must range from 3% to 10% to ensure good solubility and effective cellular uptake.[@b48-ijn-11-5125] The PS of HA-ss-Chol NPs decreased with increase in the DS of cholesterol group, suggesting that higher hydrophobicity induces easier formation of NPs and more compact interaction in hydrophobic inner core. According to the previous reports, NPs with size approximately 100--200 nm were likely to exhibit long blood circulation effect by avoiding the recognition of reticuloendothelial system (RES) and accumulate in tumors by "leaky" vasculature through enhanced permeability and retention (EPR) effect.[@b49-ijn-11-5125],[@b50-ijn-11-5125] The size of the above-studied HA-based carriers was within the proper range of NPs. Zeta potential is a significant parameter to evaluate the stability of colloidal dispersion. The zeta potential of HA-based NPs was negatively charged (\<−20 mV), which is attributed to the deprotonated carboxylic groups of HA backbone embracing the NPs' surface. Such negatively charged surface permits long-term stability of NPs in the blood circulation, avoiding severe cytotoxicity and rapid clearance from the plasma compartment.[@b51-ijn-11-5125],[@b52-ijn-11-5125] DLS and TEM measurements revealed the influence of GE11 modification on NPs in size, zeta potential, and morphology, which was negligible despite the fact that the diameter increased slightly in DLS. Compared with the traditional low MW surfactants, the CAC value is much lower to guarantee the preservation of NPs' stability and structural integrity under extensively dilute conditions in the systemic circulation before reaching the targeting site.

The results of redox-induced degradation assay of HA-ss-Chol~7~ NPs showed that HA-ss-Chol~7~ NPs under 10 μM DTT treatment maintained their initial structure in the reductive environment mimicking that of bloodstream. Conversely, when the HA-ss-Chol~7~ NPs were exposed to 20 mM DTT analogous to the tumor cell, the dramatic size swelling with a broadening of size distribution indicated rapid disassembly due to the cleavage of the disulfide linkages between the hydrophilic groups and the hydrophobic groups. Moreover, the steady size of HA-Chol~7~ NPs to 20 mM DTT was possibly on account of their nonresponsiveness to the reductive agent owing to the lack of disulfide bond in the NPs' structure. The DLS results confirmed the redox-sensitive property of HA-ss-Chol~7~ NPs.

The self-assembled NPs formed bore a hydrophobic inner core that could serve as a desired container for hydrophobic drugs. The HA-based NPs could be obtained with a high DLC of 27.4%--33.6% in this work. The sizes of DOX-loaded NPs were smaller than their corresponding drug-free samples, indicating that the joining of hydrophobic drug DOX made the inner core more compact by the strong interaction between DOX and the hydrophobic region. Also, ionic interactions between DOX base and carboxylic groups of HA might increase the entrapment capability of the NPs.[@b53-ijn-11-5125] Zeta potential determination values (approximately −20 mV) suggested that the existence of ionic interactions between the carboxylic moieties of HA and the amine groups of DOX, and the addition of DOX did not reduce the NPs' stabilities significantly.

From the in vitro release profile in different media, it was found that the drug release from designed redox-responsive HA-ss-Chol~7~ DOX-NPs depended on the concentration of DTT, and the release rate increased as the amount of DTT in the media increased. Similar fast release found at the initial 4 hours might be ascribed to the drug located in the hydrophilic shell or adhered to the surface of the NPs.[@b54-ijn-11-5125] Then the remaining DOX, probably loaded deep in the hydrophobic cores, presented a different release profile in different DTT concentrations. In the presence of 10 μM DTT, the less-efficient release during the following 44 hours suggested that the insoluble DOX was difficult to be released from the inner core as reported before,[@b55-ijn-11-5125] which met the demand that the integrity of vehicle was maintained well and the loss of drug minimized before reaching the target cells. The dramatic fast drug release that occurred when the HA-ss-Chol~7~ DOX-NPs were exposed to 10 or 20 mM DTT was probably attributed to the DTT-induced degradation of disulfide linkage, which is in line with the size swelling observed in the DLS assay. Therefore, exactly as the aim of designed, the reduction-sensitive NPs are likely to be stable in the bloodstream after intravenously administered, whereas release the encapsulated drug rapidly after accumulating in the tumor sites.

The cellular uptake study showed that both MDA-MB-231 and MCF-7 cells took in more dual-targeting GE11--HA-ss-Chol~7~ C6-NPs than single-targeting HA-ss-Chol~7~ C6-NPs. Moreover, the NPs' internalization capability of MDA-MB-231 cells was stronger than that of MCF-7 cells. It has been demonstrated that the CD44 and EGFR are highly overexpressed in MDA-MB-231 cells compared with those in MCF-7 cells.[@b39-ijn-11-5125],[@b40-ijn-11-5125] We further proved that free HA and GE11 peptide suppressed the uptake of GE11--HA-ss-Chol~7~ C6-NPs, and the specificity of uptake was verified by competitive inhibitory studies. Therefore, it could be concluded that the cellular uptake of GE11--HA-ss-Chol~7~ C6-NPs involves the interaction with CD44 and EGFR in both cells, suggesting the existence of a dual-ligand tumor-targeting mechanism. Then, the uptake mechanism study indicated that internalization of the investigated NPs mainly involved the clathrin-mediated pathway and macropinocytosis.

CLSM results showed that after incubation for 1 hour, both studied NPs did not release the small amount of DOX taken up. The different intracellular release behaviors between GE11--HA-ss-Chol~7~ and GE11--HA-Chol~7~ DOX-NPs during 4 hours incubation are most likely due to fast DOX release from redox-responsive GE11--HA-ss-Chol~7~ NPs. The uptake of DOX by the cell nuclei is crucial because DOX has to intercalate with DNA to induce cell death.[@b56-ijn-11-5125] The results indicate that the redox-sensitive NPs provide an effective strategy for rapid delivery of the drug into cytosol. Moreover, higher uptake efficiency was found in MDA-MB-231 cells than MCF-7 cells, which can be probably ascribed to the dual receptor-mediated endocytosis of NPs.

MTT assays of the blank NPs confirm that these HA-based NPs have good biocompatibility to be safely used as pharmaceutical vehicles. The cytotoxicity results suggest that GE11--HA-ss-Chol~7~ DOX-NPs showed the utmost cellular inhibition in MDA-MB-231 cells which showed high CD44 and EGFR expression. These desirable results may involve the combination of redox-responsive effect in the cytosol and dual receptor-mediated endocytosis, which are consistent with the cellular uptake and intracellular DOX distribution results. Although free DOX showed the highest inhibitory rate in MCF-7 cells, the in vivo use might be limited due to an undesirable pharmacokinetic behavior and nonspecific cytotoxicity that produce severe side effects.

In the in vivo imaging analysis study, compared with free DiR group and HA-ss-Chol~7~ DiR-NPs, the highest tumor-targeting efficiency was found in GE11--HA-ss-Chol~7~ DiR-NPs group, which might be ascribed to a combination of EPR effect and dual receptor-mediated uptake of NPs.[@b57-ijn-11-5125] In comparison with the free DiR control group, the continuous higher level of DiR detected in tumor sites implies that NPs effectively prolong the circulation time of the encapsulated drug, probably owing to the hydrophilic shell of the carrier.[@b58-ijn-11-5125] Therefore, it provides a powerful evidence that the designed GE11--HA-ss-Chol~7~ NPs are available for tumor-specific drug delivery.

In the in vivo tumor growth suppression assay, compared with any other group, the most outstanding antitumor efficiency was found in GE11--HA-ss-Chol~7~ DOX-NPs group, which is consistent with the in vitro studies. The predominant antitumor efficacy could be ascribed to the passive targeting by the EPR effect and the enhanced intracellular delivery by receptor-mediated endocytosis.[@b59-ijn-11-5125] Also, the reduction-triggered intracellular drug release strategy is an efficient way to improve the cancer therapy. Additionally, the distinct weight loss in free DOX group indicates its severe systemic side effect, as reported previously.[@b60-ijn-11-5125] The little difference in body weight between the saline group and the HA-based groups suggests the low in vivo toxicity of the NPs.

Conclusion
==========

In this study, we have demonstrated that the novel redox-responsive degradable NPs based on GE11--HA-ss-Chol conjugates selectively target the breast tumor not only by EPR effect, but also through active dual-targeting endocytosis mechanism. Both in vitro and in vivo results confirmed their predominant effects in enhancing drug efficacy. Therefore, we can conclude that GE11--HA-ss-Chol NPs are supposed to be a promising and desirable vehicle for anticancer drugs like DOX to treat breast cancer.

Supplementary materials
=======================

Synthesis procedure of insensitive conjugates of GE11--HA-Chol
--------------------------------------------------------------

The synthesis of GE11--hyaluronic acid (HA)-Chol conjugate consists of three steps: synthesis of reduction-insensitive linker of cholesteryl--ethylenediamine (Chol--eda), modification of HA with Chol--eda, and modification HA-Chol with GE11 peptide. The details have been provided in the "Materials and methods" section.

^1^H-nuclear magnetic resonance (^1^H-NMR) of cholesteryl--cystamine (Chol--cys) and Chol--eda linkers
------------------------------------------------------------------------------------------------------

^1^H-NMR of the raw material of cholesteryl chloroformate is shown in [Figure S1A](#SD1-ijn-11-5125){ref-type="supplementary-material"} with characteristic peaks of δ (ppm) 5.36 (s, 1H, alkenyl, a), 4.48 (m, 1H, oxycyclohexyl, b), and 0.66--2.33 (m, 43H, cholesteryl protons).

The formation of Chol--cys was confirmed with characteristic peaks of δ (ppm) 5.36 (s, 1H, alkenyl, a), 5.05 (s, 1H, CONH, c), 4.48 (m, 1H, oxycyclohexyl, b), 3.48 (m, 2H, CH~2~NH, d), 3.00 (m, 2H, CH~2~N(H~2~), e), 2.76--2.79 (m, 4H, 2CH~2~S, f), 0.66--2.33 (m, 45H, cholesteryl protons, and NH~2~), as shown in [Figure S1B](#SD1-ijn-11-5125){ref-type="supplementary-material"}.

The formation of Chol--cys was confirmed with characteristic peaks of δ (ppm) 5.37 (s, 1H, alkenyl, a), 4.99 (s, 1H, CONH, g), 4.50 (m, 1H, oxycyclohexyl, b), 3.21--3.23 (m, 2H, N(H~2~)CH~2~, i), 2.82--2.84 (m, 2H, CONCH~2~, h), 0.68--2.38 (m, 45H, cholesteryl protons, and NH~2~), as shown in [Figure S1C](#SD1-ijn-11-5125){ref-type="supplementary-material"}.

High-performance liquid chromatography assessment of GE11 peptide conjugation efficiency
----------------------------------------------------------------------------------------

GE11 peptide conjugation efficiency was evaluated with high-performance liquid chromatography utilizing the ultraviolet absorption of GE11 peptide at 220 nm, while at the same wavelength, the polymer conjugate of HA-ss-Chol had no absorption. The mobile phase was as follows: acetonitrile (solution A) and ultrapure water (solution B), both containing 0.1% trifluoroacetic acid; gradient elution mode: 0--20 minutes, 25%--50% A and 20.1--30 minutes, 50%--25% A. The retention time of GE11 peptide was 8.2 minutes. The conjugation efficiency was calculated using the formula, *C*~peptide,\ before~/*C*~peptide,\ after~, where *C*~peptide,\ before~ and *C*~peptide,\ after~ denote the peptide concentration before and after the conjugation reaction, respectively.

Evaluation of cellular uptake pathways of GE11--HA-ss-Chol~7~ nanoparticles (NPs)
---------------------------------------------------------------------------------

Different endocytic inhibitors were adopted to evaluate the cellular uptake pathways of GE11--HA-ss-Chol~7~ NPs, as shown in [Figure S4](#SD4-ijn-11-5125){ref-type="supplementary-material"}, in which nystatin was regarded as the caveolae-mediated endocytosis inhibitor, chloropromazine (CPZ) as the clathrin-mediated endocytosis pathway inhibitor, and amiloride as the macropinocytosis pathway inhibitor. The relative uptake efficiency was calculated as the ratio between the fluorescence intensities of groups treated with endocytic inhibitors and the control group (cells only treated with NPs).

In vitro cytotoxicity assay of blank NPs
----------------------------------------

The cytotoxicity of blank NPs was evaluated by MTT assay. As shown in [Figure S5](#SD5-ijn-11-5125){ref-type="supplementary-material"}, after incubating for 24 hours with a medium containing GE11--HA-ss-Chol~7~, GE11--HA-Chol~7~, and HA-ss-Chol~7~ NPs, the cell viability was above 90% in all groups, even for the groups with the dosage 500 μg/mL, indicating the low cytotoxicity and good cell compatibility of the drug carriers studied.

Target abilities evaluated by in vivo imaging analysis
------------------------------------------------------

The target abilities of NPs were analyzed semi-quantitatively by relative tissue exposure (*Re*), tumor-targeting efficiency, and relative tumor-targeting efficiency (*R~Te~*) through in vivo imaging analysis. The calculation equations were as follows: $$\begin{matrix}
{Re = \frac{{(F_{i})}_{\text{drug-NPs}}}{{(F_{i})}_{\text{drug-solutions}}}} \\
{Te = \frac{F_{i}}{\sum\limits_{i = 1}^{n}F_{i}}} \\
{R_{Te} = \frac{{(Te_{i})}_{\text{drug-NPs}}}{{(Te_{i})}_{\text{drug-solutions}}}} \\
\end{matrix}$$where *F~i~* refers to the fluorescence intensity in the targeted tissue or organ.

###### 

^1^H-NMR spectra of cholesteryl chloroformate (**A**), Chol--cys (**B**), and Chol--eda (**C**).

**Notes:** (a): δ (ppm) 5.36 (s, 1H, alkenyl); (b): 4.48 (m, 1H, oxycyclohexyl); (c): 5.05 (s, 1H, CONH); (d): 3.48 (m, 2H, CH~2~NH); (e): 3.00 (m, 2H, CH~2~N(H~2~)); (f): 2.76--2.79 (m, 4H, 2CH~2~S); (g): 4.99 (s, 1H, CONH); (h) 2.82--2.84 (m, 2H, CONCH~2~); (i): 3.21--3.23 (m, 2H, N(H~2~)CH~2~).

**Abbreviations:** Chol--cys, cholesteryl--cystamine; Chol--eda, cholesteryl--ethylenediamine; NMR, nuclear magnetic resonance.

###### 

Synthesis procedures of GE11--HA-Chol.

**Notes:** (**i**) TEA/DCM, (**ii**) EDC/HOBT, (**iii**) EDC/sulfo-NHS.

**Abbreviations:** Chol--eda, cholesteryl--ethylenediamine; DCM, dichloromethane; EDC, 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide hydro chloride; HOBT, 1-hydroxybenzotriazole monohydrate; sulfo-NHS, N-hydroxysulfosuccinimide; TEA, triethylamine; HA, hyaluronic acid; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~.

###### 

HPLC assessment of GE11 peptide conjugated to the distal end of HA-ss-Chol by monitoring absorbance at 220 nm.

**Notes:** (**a**) HA-ss-Chol conjugate, (**b**) GE11 peptide before reaction, (**c**) GE11 peptide after reaction.

**Abbreviations:** HA-ss-Chol, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety; HPLC, high-performance liquid chromatography.

###### 

Influence of various endocytosis inhibitors on the uptake efficiency of GE11--HA-ss-Chol~7~ C6-NPs in MDA-MB-231 and MCF-7 cells.

**Notes:** Data represented as the mean ± SD (n=3). \**P*\<0.05 versus control group.

**Abbreviations:** CPZ, chloropromazine; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NPs, nanoparticles; SD, standard deviation.

###### 

Cytotoxicity of blank NPs against MCF-7 (**A**) and MDA-MB-231 (**B**) cells (mean ± SD, n=5).

**Abbreviations:** HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; NPs, nanoparticles; SD, standard deviation.

###### 

Relative tissue exposures of DiR-NPs compared with DiR solution

  Relative tissue exposures   HA-ss-Chol~7~ DiR-NPs   GE11--HA-ss-Chol~7~ DiR-NPs
  --------------------------- ----------------------- -----------------------------
  Blood                       2.08                    1.75
  Liver                       1.02                    1.55
  Spleen                      0.92                    1.69
  Kidneys                     1.24                    1.36
  Heart                       1.17                    1.61
  Lungs                       1.71                    1.94
  Tumor                       2.26                    4.40

**Abbreviations:** DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NPs, nanoparticles.

###### 

Tumor-targeting efficiency and relative tumor-targeting efficiency of DiR-NPs

  Tissue    Tumor-targeting efficiency (%)   Relative tumor-targeting efficiency (%)                  
  --------- -------------------------------- ----------------------------------------- ------- ------ ------
  Blood     3.93                             6.22                                      3.46    1.58   0.88
  Liver     30.30                            23.47                                     23.62   0.77   0.78
  Spleen    21.12                            14.79                                     18.06   0.70   0.86
  Kidneys   17.04                            16.06                                     11.68   0.94   0.69
  Heart     5.55                             4.94                                      4.52    0.89   0.81
  Lungs     8.29                             10.82                                     8.09    1.30   0.98
  Tumor     13.77                            23.71                                     30.57   1.72   2.22

**Abbreviations:** DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NPs, nanoparticles.
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![Illustration of dual-targeted reduction-responsive NPs based on GE11--HA-ss-Chol conjugates as a multifunctional platform for tumor-targeting drug delivery.\
**Notes:** (**i**) GE11--HA-ss-Chol conjugates are self-assembled into core--shell NPs that allow efficient loading of DOX; (**ii**) DOX-loaded GE11--HA-ss-Chol NPs can be efficiently taken up by CD44- and EGFR-overexpressing breast cancer cells by a dual receptor-mediated endocytosis mechanism; (**iii**) GE11--HA-ss-Chol DOX-NPs can be degraded inside the cancer cells, which is triggered by cytoplasmic GSH, resulting in NPs' disassembled, efficient intracellular burst release of DOX.\
**Abbreviations:** DOX, doxorubicin; EGFR, epidermal growth factor receptor; HA-ss-Chol, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety; GE11--HA-ss-Chol, GE11 peptide conjugated HA-ss-Chol; GSH, glutathione; HA, hyaluronic acid; NPs, nanoparticles.](ijn-11-5125Fig1){#f1-ijn-11-5125}

![Schematic procedure of the synthesis of GE11--HA-ss-Chol with catalyst of (**i**) TEA/DCM, (**ii**) EDC/HOBT, (**iii**) EDC/sulfo-NHS.\
**Abbreviations:** Chol--cys, cholesteryl--cystamine; DCM, dichloromethane; EDC, 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide hydro chloride; HA-ss-Chol, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cho lesteryl moiety; GE11--HA-ss-Chol, GE11 peptide conjugated HA-ss-Chol; HA, hyaluronic acid; HOBT, 1-hydroxybenzotriazole monohydrate; sulfo-NHS, N-hydroxysulfosuccinimide; TEA, triethylamine.](ijn-11-5125Fig2){#f2-ijn-11-5125}

![^1^H-NMR spectra of HA-Chol conjugate (**A**), HA-ss-Chol conjugate (**B**), and GE11--HA-ss-Chol conjugate (**C**).\
**Notes:** (a): δ (ppm) 1.99 (methyl proton of -NCOCH~3~ group); (b) 2.85 (m, 2H, CON(H)CH~2~); (c): 3.12 (m, 2H, N(H)CH~2~); (d) 2.82 (m, 2H, CH~2~S); (e): 3.11 (m, 2H, CH~2~N).\
**Abbreviations:** HA-Chol, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety; HA-ss-Chol, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety; GE11--HA-ss-Chol, GE11 peptide conjugated HA-ss-Chol; NMR, nuclear magnetic resonance.](ijn-11-5125Fig3){#f3-ijn-11-5125}

![TEM images of HA-ss-Chol~7~ blank NPs (**A**) and GE11--HA-ss-Chol~7~ blank NPs (**B**).\
**Abbreviations:** HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NPs, nanoparticles; TEM, transmission electron microscopy.](ijn-11-5125Fig4){#f4-ijn-11-5125}

![Size distribution of HA-ss-Chol~7~ NPs and HA-Chol~7~ NPs determined by DLS in the presence of DTT.\
**Abbreviations:** DLS, dynamic laser scattering; DTT, dithiothreitol; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; NPs, nanoparticles.](ijn-11-5125Fig5){#f5-ijn-11-5125}

![DTT-triggered drug release profiles from HA-ss-Chol~7~ and HA-Chol~7~ DOX-NPs. Data are represented as the mean ± SD (n=3).\
**Abbreviations:** DOX, doxorubicin; DTT, dithiothreitol; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cho lesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; NPs, nanoparticles; SD, standard deviation.](ijn-11-5125Fig6){#f6-ijn-11-5125}

![(**A**) Flow cytometry analysis of MCF-7 cells incubated for 4 hours with denoted formulations. (**B**) Flow cytometry analysis of MDA-MB-231 cells incubated for 4 hours with denoted formulations. (**C**) Endocytosis competitive assay of MCF-7 cells with free-HA polymer or GE11-pretreated GE11--HA-ss-Chol~7~ C6-NPs. (**D**) Endocytosis competitive assay of MDA-MB-231 cells with free-HA polymer or GE11-pretreated GE11--HA-ss-Chol~7~ C6-NPs. Data represented as mean ± SD (n=3). \**P*\<0.05 and \*\**P*\<0.01 compared with cells treated solely with GE11--HA-ss-Chol~7~ C6-NPs.\
**Abbreviations:** HA, hyaluronic acid; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NPs, nanoparticles; SD, standard deviation.](ijn-11-5125Fig7){#f7-ijn-11-5125}

![CLSM images of cells after incubation with DOX-NPs for 1 and 4 hours (DOX dosage was 10 μg/mL).\
**Notes:** (**A**) MCF-7 cells incubation with GE11--HA-Chol~7~ DOX-NPs for 1 hour (a) and 4 hours (c) and with GE11--HA-ss-Chol~7~ DOX-NPs for 1 hour (b) and 4 hours (d). (**B**) MDA-MB-231 cells incubation with GE11--HA-Chol~7~ DOX-NPs for 1 hour (e) and 4 hours (g) and with GE11--HA-ss-Chol~7~ DOX-NPs for 1 hour (f) and 4 hours (h). For each panel, images from left to right show cells under nuclear staining with Hoechst 33342 (blue), DOX fluorescence (red), and overlays of two images. Scale bars correspond to 50 μm in all panels.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; DOX, doxorubicin; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; HA, hyaluronic acid; NPs, nanoparticles.](ijn-11-5125Fig8){#f8-ijn-11-5125}

![Cytotoxicity of free DOX, HA-ss-Chol~7~ DOX-NPs, GE11--HA-Chol~7~ DOX-NPs, and GE11--HA-ss-Chol~7~ NPs against MCF-7 cells with 24-hour incubation (**A**), MDA-MB-231 cells with 24-hour incubation (**B**), MCF-7 cells with 72-hour incubation (**C**), and MDA-MB-231 cells with 24-hour incubation (**D**) (mean ± SD, n=5).\
**Abbreviations:** DOX, doxorubicin; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; NPs, nanoparticles; SD, standard deviation.](ijn-11-5125Fig9){#f9-ijn-11-5125}

![(**A**) Time-dependent in vivo NIR fluorescence images of MDA-MB-231 tumor-bearing mice administered free DiR, HA-ss-Chol~7~ DiR-NPs, and GE11--HA-ss-Chol~7~ DiR-NPs. (**B**) Ex vivo images of isolated organs and tumors at 24 hours postinjection. (**C**) Semi-quantitative analysis of the mean fluorescence intensity in organs and tumors isolated at 24 hours postinjection. All data are represented as mean ± SD (n=3). \*\**P*\<0.01 versus GE11--HA-ss-Chol~7~ DiR-NPs and \*\*\**P*\<0.001 versus GE11--HA-ss-Chol~7~ DiR-NPs.\
**Abbreviations:** DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equaling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; NIR, near infrared; NPs, nanoparticles; SD, standard deviation.](ijn-11-5125Fig10){#f10-ijn-11-5125}

![In vivo antitumor efficacy evaluation in MDA-MB-231 tumor-bearing mice treated with saline, free DOX, HA-ss-Chol~7~, GE11--HA-Chol~7~, and GE11--HA-ss-Chol~7~ DOX-NPs for 21 days.\
**Notes:** (**A**) Tumor growth curve. (**B**) Final tumor weights after 21 days. (**C**) Variation in body weight. The drug was given on day 0, 3, 6, 9, 12, 15, and 18 (dosage of 4 mg DOX equiv/kg body weight in 0.2 mL of PBS 7.4). Error bars represent SD (n=5). \**P*\<0.05 versus free DOX group and \*\*\**P*\<0.001 versus free DOX group.\
**Abbreviations:** DOX, doxorubicin; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; NPs, nanoparticles; PBS, phosphate-buffered saline; SD, standard deviation.](ijn-11-5125Fig11){#f11-ijn-11-5125}

###### 

The physicochemical characterization of obtained drug-free NPs

  Samples                                                    DS[a](#tfn2-ijn-11-5125){ref-type="table-fn"}   CAC (mg/L)   PS[b](#tfn3-ijn-11-5125){ref-type="table-fn"} (nm)   PDI[c](#tfn4-ijn-11-5125){ref-type="table-fn"}   Zeta potential (mV)
  ---------------------------------------------------------- ----------------------------------------------- ------------ ---------------------------------------------------- ------------------------------------------------ ---------------------
  HA-ss-Chol~3~[d](#tfn5-ijn-11-5125){ref-type="table-fn"}   1.82                                            46.3         242.3±3.1                                            0.168±0.025                                      −24.58±0.88
  HA-ss-Chol~5~                                              2.99                                            17.0         228.9±2.0                                            0.184±0.013                                      −22.89±0.79
  HA-ss-Chol~7~                                              3.65                                            10.6         175.8±2.0                                            0.177±0.022                                      −26.52±0.62
  HA-Chol~7~                                                 NA                                              11.4         183.4±1.2                                            0.186±0.027                                      −21.26±1.21
  GE11--HA-ss-Chol~7~                                        NA                                              NA           213.9±0.8                                            0.185±0.034                                      −22.45±1.40
  GE11--HA-Chol~7~                                           NA                                              NA           232.9±1.3                                            0.195±0.036                                      −20.67±1.03

**Notes:** PS, PDI, and zeta potential values are represented as mean ± SD (n=3).

DS of Chol--cys groups per 100 sugar residues of HA polymer calculated by Ellman's method.

Mean diameter (PS) of NPs determined by dynamic light scattering.

PDI of NP size.

Molar feed ratio of Chol--cys or Chol--eda to --COOH of HA polymer.

**Abbreviations:** CAC, critical aggregation concentration; Chol-cys, cholesteryl-cystamine; Chol-eda, cholesteryl--ethylenediamine; DS, degree of substitution; HA-ss-Chol~3~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.03; HA-ss-Chol~5~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.05; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; HA, hyaluronic acid; NA, not applicable; NPs, nanoparticles; PDI, polydispersity index; PS, particle size.

###### 

Physicochemical characteristics of DOX-NPs

  DOX-loaded samples    DLC of DOX (%)   EE of DOX (%)   PS[a](#tfn7a-ijn-11-5125){ref-type="table-fn"} (nm)   PDI of NP size   Zeta potential (mV)
  --------------------- ---------------- --------------- ----------------------------------------------------- ---------------- ---------------------
  HA-ss-Chol~3~         27.4             67.8            158.6±1.7                                             0.168±0.095      −18.20±0.63
  HA-ss-Chol~5~         32.5             86.8            154.5±0.6                                             0.096±0.086      −19.31±2.73
  HA-ss-Chol~7~         33.6             91.2            146.5±1.3                                             0.140±0.021      −18.01±0.53
  HA-Chol~7~            29.5             75.4            156.1±1.1                                             0.095±0.042      −19.42±1.35
  GE11--HA-ss-Chol~7~   32.8             87.7            157.9±1.6                                             0.108±0.033      −20.11±0.87
  GE11--HA-Chol~7~      30.5             78.8            160.4±1.3                                             0.121±0.029      −19.83±1.02

**Notes:** PS, PDI, and zeta potential values are represented as mean ± SD (n=3).

Mean diameter of NPs determined by dynamic light scattering. Chol-eda, cholesteryl--ethylenediamine.

**Abbreviations:** DLC, drug loading content; DOX, doxorubicin; EE, entrapment efficiency; HA-ss-Chol~3~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.03; HA-ss-Chol~5~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.05; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; NPs, nanoparticles; PDI, polydispersity index; PS, particle size; SD, standard deviation.

###### 

IC~50~ values (μg/mL) of DOX for MDA-MB-231 and MCF-7 cells

  Time       Cells        Free DOX      HA-ss-Chol~7~ DOX-NPs   GE11--HA-Chol~7~ DOX-NPs   GE11--HA-ss-Chol~7~ DOX-NPs
  ---------- ------------ ------------- ----------------------- -------------------------- -----------------------------
  24 hours   MDA-MB-231   1.627±0.151   3.104±0.509             4.344±0.710                1.296±0.197
             MCF-7        1.940±0.165   4.932±0.734             8.780±1.725                2.861±0.366
  72 hours   MDA-MB-231   0.402±0.063   0.365±0.062             0.449±0.052                0.244±0.043
             MCF-7        0.417±0.076   0.355±0.058             0.466±0.048                0.259±0.060

**Note:** Data are shown as the mean ± SD (n=3).

**Abbreviations:** DOX, doxorubicin; HA-ss-Chol~7~, reduction-responsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-ss-Chol~7~, GE11 peptide conjugated HA-ss-Chol~7~; HA-Chol~7~, reduction-nonresponsive hyaluronic acid derivatives grafted with hydrophobic cholesteryl moiety with feed ratio of hydrophobic cholestryl equalling to 0.07; GE11--HA-Chol~7~, GE11 peptide conjugated HA-Chol~7~; IC~50~, median inhibitory concentration; NPs, nanoparticles; SD, standard deviation.
